In the problem of the innervation of skeletal muscle by the nervous system, the question of the number of times per second a single motor axon is occupied is of considerable interest and, in spite of the large amount of attention which has been given to it, is still unanswered. Records of the pot!ential changes in muscle (or, where possible, in its motor nerve) show t,hat the innervation occurs in waves, which are uneven in size and have on their surfaces irregularities often called secondary waves. The difficulty has occurred in the int~erpretation of such records and opinions differ as to whether a single nerve fiber is active only once in the larger waves, whether repetition occurs during the course of one wave cycle, thereby possibly accounting for the secondary waves, or whether alternating activity of fibers occurs in successive waves. The basic rhythm may thus possibly be greater than, the same as, or less than the apparent rhythm.
the nerve was desheathed, about 4500 fold amplification with three panels was sufficient for recording with the Braun tube oscillograph.
The published records are so made, but for others, four panel amplification was employed.
While the latter records were larger, they gave no additional information;
and the instability at the high amplification caused much greater t#echnical difficulties.
As this is the first instance of the application of the Braun tube to the study of nerve activated by the central nervous system, some description of the technique is necessary. The method of recording single waves of activity from artificial stimulation has recently been briefly described in the Proceedings of the American Physiological Society (1928) . The procedure is very similar for discharges from the central nervous system. The Braun tube must be used with an anode-cathode voltage of about 400 and the records be made on very fast film (Eastman duplitized x-ray film). The time line (abscissa) was of sufficient length to leave the fluorescent screen of the tube on both sides. The resting spot was held electromagnetically on the left side of the tube at some distance from the screen and deflected electrostatically across the latter with a potential sufficient to carry it well beyond the screen's limits.
The velocity of defiection was determined by the charge of a condenser, but in order to make the time a more linear function of the abscissa than occurs with a condenser charge, a vacuum tube was inserted in series with the condenser. Due to the method of controlling the abscissa, the time could not be calculated, but had to be measured directly.
This was done immediately after a nerve record with the aid of a tuning fork having a frequency of 100, arranged to interrupt a current established in the input circuit of the amplifier.
For the purpose of superposing the time and potential records, an India ink line was drawn vertically across the face of the tube so as to produce a white orientation line on the film
Since it was desired to study inspirations of maximum amplitude the artificial respiration was stopped until the dyspnea was optimum.* This occurred just before the stage of stimulation began to pass over into depression. The observer then placed the film over the screen of the tube; an assistant brought the filament to full current, immediately established the anode-cathode voltage with a spring contact key, and opened a second key which permitted the condenser controlling the abscissa to charge. After the film had been exposed the anode-cathode voltage key was released as soon as possible, in order to darken the tube and eliminate more than necessary fogging of the f!i.lm by the diffuse illumination of the screen by scattered electrons. A method depending as much as this one upon the chance of catching the right part of the respiratory cycle resulted in many failures, but on the other hand it avoided the more difficult technique of moving film in long strips rapidly across the screen of the tube. la--Record of the phrenic action potential from artificial stimulation. The time scale is the same as at the middle of figure 1.
Figs. 2, 3 and 4. March 9, 1928. Figure 2 , phrenic electroneurogram. The phrenic action potential from artificial stimulation is shown in figure 3 , and in figure 4 it is plotted together with waves 1 and 4 of figure 2, using the same coordinate system for both. Fig. 5 . The action potential of the art.ificially stimulated nerve and wave 1, figure 1, plotted on the same coordinate system. 571
RESULTS. In many respects the oscillograph records confirm the points apparent in studies with the string galvanometer.
There is a definite apparent rhythm in the neighborhood of 100 per second. The successive individual waves vary in size and shape but in general it may be said that as the inspirations become deeper the waves become higher and more regular in contour.
It is the purpose of this paper to analyse the manner in which the fibers of the phrenic nerve are occupied in single volleys, or if we include the intervals between the volleys, in single discharge periods.
One fact strikes the observer at once on looking at the records ( fig. l) , namely, that in many periods activity was confined t,o the early portion, and that the spot was quite undeflected during the later portion.
That the spot was actually quiet in the intervals was borne out by experiments in which four-panel amplification was employed; the spot still remained on the base line during the interval.
In other periods the tracings indicate activity of some fibers of the nerve throughout the period, the occupation being irregular enough in many cases to give secondary waves.
Since the area of a potential curve is directly proportional to the active fraction of the total cross-sectional area of the nerve fibers (Gasser and Erlanger, 1927) it is possible to estimate in the active phrenic the portion of the nerve momentarily occupied and the portion occupied during the whole course of a wave. To do this records were made of the form of the action potential of the nerve when it was artificially stimulated w.ith supramaximal induction shocks. Figure In illustrates on the same abscissae as the rest of figure 1, but on different ordinates, a,n action potential from a single induction shock. But to get the form accurately the waves were recorded with a rapidly moving spot and with the employment of repeated stimulation ( fig. 3 ). The leads from the nerve to the amplifier for the respiration records were unshunted, but an unshunted lead from the artifically stimulated nerve gave an amplified potential too large for the screen of the oscillograph or for a linear ordinate. Therefore, input shunts were necessary, but as these were non-reacting the actual potential delivered at the surface of the nerve could be calculated from the height of the waves as recorded with two different shunts of known resistance. In actual pract,ice the calculations were checked by using a series of shunts; and in some experimen& a further check was made by determining the resistance of the nerve when placed in a bridge whose source of current was a t,housand cycle oscillator and for which the Braun tube was used as a null instrument.
The nerve was exposed to a very warm room temperature (about26"), but one considerably subnormal for it; a,nd it has been our experience with cooled mammalian nerve that when stimulated repeatedly at rates of 50 per second or even less, it may not be able to conduct full size impulses, as determined by the size of a response to a single shock. If the nerve be fresh the size of the impulse may be very slightly subnormal, but in a deteriorated nerve it may fall off grossly. This is in accordance with what happens in a portion of a nerve which passes through a narcotization chamber. The portion of the nerve in the chamber cannot conduct impulses at the rate which is possible outside the chamber.
In view of this fatigue phenomenon in nerve it was necessary either to stimulate the nerve at a rate comparable with that in its physiological activity or to deal only with fresh nerves in which the size of response did not fall off appreciably with the number of stimuli per second. The latter was the one adopted. If the size fell off significantly when the rate was increased from 30 per second to 60 per second the experiment was discarded.
To compare the respiratory records with those of the artificially stimulated nerve, the two were plotted on the same coiirdinate system after making the necessary corrections.
As an aid in the measurement of the respiratory records for this purpose the films were enlarged by optical projection. Some of the results in two experimen .ts are seen in figures 4 and 5. The constituents of the artificial wave had a temporal dispersion produced by not over 1 cm. of conduction; that is, the waves were slightly longer than an axon action potential.
Even so, it is seen that a volley from the nervous system is long enough to outlast 3 to 5 such waves (in one experiment 7). According to the conditions of the experiment, most of the dispersion of the constituents of a volley must have taken place in the nervous system and not in the nerve.
One of the suggestions that has made concerning the axon rhythm during the innervation of the diaphragm is that repetition of activity may occur in one nerve fiber during the course of a single wave (Fulton, p. 477) . The fact that the second response would be very much under-sized unless it occurred at the end of the period, when the nerve activity is usually zero or very slight, decreases the probability of such an occurrence, but more direct evidence on this point may be derived from measurements of the areas of the curves. With artificial stimulation all the fibers are active, both sensory and motor; but Sherrington states that in a nerve to a muscle the proportion of afferent fibers to total myelinate fibers ranges from a little more than a third in some cases to a full half in others. He also specificially mentions the phrenic as containing many afferent fibers, so it is apparently no exception to this rule. Now, assume that 60 per cent of the fibers of the phrenic are motor and that the distribution, as to size, of the sensory and motor fibers is the same (the assumption as to distribution is justified by the absence of the smaller variety of afferent fibers in this nerve (Gasser and Erlanger, 1927, p. 538) ). Then, if the area of a volley be greater than 60 per cent of the area of the artificial wave, we would have evidence for repetition within single axons during the volley; if not, there would be no necessity for such a postulate.
HERBERT S. GASSER
The areas of the various waves as plotted on a large scale were measured by means of a planimeter, with the results presented in the following table. The areas are in arbitrary units different for each experiment.
In each experiment the largest volleys to be found in the records are chosen for measurement, and as maximum inspirations were recorded the data refer to the greatest activity of the nerve which could be obtained experimentally.
It is evident that in some of the very largest volleys the areas are large enough to indicate occupation of approximately all the motor fibers once in the course of a volley. But for most waves there is considerably less than maximum occupation and there is no necessity for the assumption of repetition.
In the experiment of figure 2, periods of activity are chosen where activity occurred throughout the period, 2, where it was confined to the beginning, I, and where it was so divided as to 3.9 * The numbers identify the waves in figure 2. t In figure 1. give a secondary wave, 4. In each case the areas are less than an a*rea which would be produced by all the motor fibers. Wave 3 may be interpreted as the fusion of two volleys. It has sufficient length and its area is so great that many of the motor fibers must have responded twice. The number of phrenic motor fibers active simultaneously at one point cannot be accurately estimated on account of the great overlapping of the axon potentials due to temporal dispersion, but its maximum value would not be much over one-quarter of the total.
Relation of the apparent rhythm to the axon rhythm. In the case of the phrenic nerve one can scarcely study the records without being convinced of the existence of a rhythm.
The complete pauses between intervals of activity afford considerable support to such a conclusion. We have just discussed the improbability of the axon rhythm being faster than the apparent rhythm; the question also arises, can it be slower. When maximal waves succeed one another, the axon rhythm for most fibers must equal the apparent rhythm. But often the great irregularity in the size of the waves precludes the possibility of the same fibers being active in two successive periods. Some fibers must be occupied considerably less often than the number of waves per second but it is also true that as fibers pass into and out of activity they come back into action in a rhythmic relationship to the ones which have just been active. There must be some factor coordinating the cervical motor neurones and preventing random discharge, particularly since the same rhythm appears in the phrenics of the two sides (Gasser and Newcomer, 1921) .
In view of the difficulty in obtaining records from other skeletal-motor nerves, one should not generalize concerning the innervation of muscle from the case of the diaphragm.
The diaphragm rhythm is extraordinarily inaccessible to modifying factors (Williams, Smith and Gasser) and according to P. Hoffmann and Strughold it possesses no myotatic reflexes such as modify the rhythm in other muscles.
SUMMARY
The action potentials in the phrenic nerve during inspiration were recorded by means of the cathode ray oscillograph.
In addition to the characteristics of the electroneurogram shown by former methods it was shown that the individual volleys may be separated by complete pauses and that the volleys have a duration three to seven times that of an axon action potential.
A comparison of the areas of the largest volleys with the area of a maximum action potential produced by artificial stimulation shows that the volley areas are never larger than the portion of the action potential area attributable to the motor fibers. Approximately all the motor fibers may be occupied in a large volley, but in most volleys the number of active fibers is well below maximum.
There is therefore no reason to assume repetition in a single axon during one volley. 
